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Abstract: When a camera system is  operated in a flux of  charged particles, it will generate a transient signal. The charged particles will 

impinge on the focal plane array and generate tracks of  ionized electron-hole pairs. The charge tracks will diffuse and some of the 

charge will be collected as signal and the rest will recombine. Bremsstrahlung will be generated in the structure around the camera and 

the Bremsstrahlung photons  will interact with the focal plane  array. The charged particles will also make the optics “glow” due to 

Luminescence and Cerenkov radiation. This  paper  utilizes a charged particle flux found in open literature, for a future spacecraft 

called Europa Orbiter to show the effects of  charged  particles  on a camera system. A simple focal plane model is constructed based on 

typical values and the simulations of the transient noise  will be discussed. The radiation  will look like small stars. In this specific 

simulation the radiation will generate average values of 3600 photoelectrons for impinging electrons, 6000 photoelectrons for 

impinging Bremsstrahlung photons  and 15000 photoelectrons for impinging protons. 

I. INTRODUCTION 

In some space applications, it is desired to have visual imagery in environments with a high flux of charged 

particles, e.g. in the Van Allen belts or in the vicinity of Jupiter. The charged particles will influence the 

electronics of the camera system in three ways: 

0 Ionizing damage: Ionization damage is a cumulative damage. It occurs when the absorbed radiation 

energy goes into forming electron-hole pairs. Ionizing dose is normally measured as the energy 

absorbed per unit mass of material, with 1 rad defined as 100 erg/g [ 11. The dose per unit of fluence 

depends on the type and  energy of the radiation, and on the material being irradiated. Therefore, values 

of ionizing dose must  be referenced to a particular material, e.g. Rad(Si). In silicon, one electron-hole 

pair is formed for every 3.6 eV absorbed [2]. In a camera system, the ionizing damage causes increased 

surface generated dark current and flat band voltage shifts in the focal plane array [3]. 



0 Displacement  damage: Displacement damage is a cumulative damage. It occurs when silicon atoms 

are displaced from the silicon lattice. This causes vacancies and interstitial silicon atoms, which can 

produce energy states within the bandgap. The production of displacements is an inherent property of 

radiation and a silicon lattice, making it relatively technology independent. Displacement damage is 

also referred to as Non Ionizing Energy Loss (NIEL) [4]. In a focal plane array, displacement damage 

typically cause increased dark current, hot pixels and  in the case of CCD’s reduced Charge Transfer 

Efficiency [ 31. 

0 Transient  effects: Transient effects come from the momentary presence of electron-hole pairs 

produced by ionizing radiation. Collection of one or the other of these carrier types places an 

(approximately) instantaneous charge on some node of a circuit, impacting the operation of the circuit. 

In the case of a silicon focal plane array, this will generate bright spots on the pixels and increased 

noise [3]. 

This work will focus on the transient signals generated in a camera system by charged particles. For 

discussions on ionizing dose and displacement damage, refer to e.g. [3]. The charged particle flux may 

cause increased transient noise in the analog signal chain of the camera system and cause latch-up in the 

digital control electronics. However, the primary transient radiation impact will be on the focal plane itself 

and in the optics. 

A charged particle flux was found in the open literature for a future spacecraft called Europa Orbiter [5]. 

This is used as an example in this paper, but the theory and the model are also applicable to any other 

charged particle environment. The electron and proton fluxes behind 5 g/cm2 of aluminum are shown in 

figure 1 and figure 2. The total dose for the Bremsstrahlung is estimated to be 20Krad(Si) behind 5 g/cm2 

of aluminum shielding [5]. 
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Figure 1.  The estimated integral proton flux for  the Europa Orbiter mission. 
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Figure 2. The  estimated integral electron flux for  the Europa Orbiter mission. 

11. ELECTRONS IMPINGING ON THE  FOCAL  PLANE  ARRAY 

An electron traveling in a silicon lattice interacts primarily  though  Coulomb forces with the positive silicon 

nuclides and the negative orbiting electrons. Due to these  many interactions, an electron loses energy and 

changes its trajectory continuous. The energy loss per distance is  often  referred to as Linear Energy 

Transfer  (LET).  The  formulas for LET can  be  found  in [6]. It is  shown  graphically  in figure 3. 
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Figure 3. LET of electrons in silicon. 

When electrons are traveling though silicon, they are continually deflected in the trajectory due to the 

attraction and repulsion from the electric field generated by the nuclei and  by the electrons in the silicon 

lattice. Considerable effort has gone into the formulation of a theory of Coulomb multiple scattering. The 

program NOVICE' has provided the average scattering angles shown in figure 4. 
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Figure 4. Average scattering angle for electrons in silicon. 

Multiple Coulomb scattering is a cumulative statistical superposition of a huge number of small deflections 

[6].  Therefore the distribution of deflection angles follows a normal distribution. On rare occasions, the 

electrons may also collide with  an atomic electrodnuclei and loose all their energy in one collision. 

Electrons may therefore also be scattered to a larger angle [7]. This is called single scattering. 

http://see.msfc.nasa.gov/see/ire/model_novice.html#descnption 

http://see.msfc.nasa.gov/see/ire/model_novice.html#descnption


Based on the LET function and the deflection distribution, it is possible to make a Monte Carlo simulation 

of an electron traveling in silicon. This is done by selecting arbitrary electrons from the electron flux in 

figure 2. A random orientation, from which  the electron will impinge on  the silicon lattice, is also chosen. 

The electron travels in a straight line for a small incremental step. Then the deposited energy is calculated 

for the step and subtracted from the original energy. Now the direction of the trajectory is changed 

according to the angular deflection distribution. The electron travels a small step again and the procedure 

repeats itself until the electron has lost all energy. This is shown below. 

I 
Select random electron energy 

(According to figure 2) 

I Select random orientation 

Move small step and deposit energy 
(According to figure 3) 

I . 
Change direction 

(According to figure 4) 
I 1  I 

\-I More Energy? 

7 Iontrack deposited 

The trajectory of an electron, when it travels in silicon is called an ion track. The energy that the electron 

looses while traversing in silicon is deposited near the ion track in a complicated process [SI. The result of 

the process is that one electron hole pair is generated  near  the iontrack for each 3.6 eV deposited. 



Carriers generated by ionizing radiation near  the charge track will  tend to spread out, as a result of their 

random thermal motion. This is called charge diffusion [8]-[ 131. The diffusion length depends on the 

temperature, the carrier mobility  and the carrier lifetime. Typically the lifetime of a carrier is less than 1 

mS. The exposure time for a low light camera system will  be orders of magnitude more. It can therefore be 

assumed (with good approximation) that when a carrier is generated, the camera will continue to expose for 

the rest of the carrier’s life. It is therefore possible to simulate the charge diffusion for each carrier 

individually and independent of time [14]. This is achieved by having each minority carrier perform a 

random walk in 3 dimensions. The algorithm is shown below: 

Non-diffused position of carrier . 
Move small random step 

with carrier 

I. 
1 p = random number between 0 and 1 

I 

U Is p c constant? 
Yes 
No 

Diffused position of carrier 

The value of the constant will determine the average diffusion length of  the carrier before recombining. It 

depends on the step size and should be chosen to  match the average diffusion length. 

111. PROTONS  IMPINGING  ON THE FOCAL  PLANE  ARRAY 

The mechanisms when protons travels in a silicon lattice are similar to when electrons travels in a silicon 

lattice. The major difference is that protons are heavier than electrons. The equations for energy loss  due to 

ionization (LET) are shown in [6]. It is shown graphically in figure 5. 
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Figure 5. LET of protons in silicon. 

When protons are traveling in silicon, they are continually deflected in their trajectory due to the attraction 

and repulsion from the electric field generated by the nuclei  and by the electrons in the silicon lattice. 

However, the mass  of the proton is so large that the deflections are very small. Therefore the proton 

trajectory deflections are neglected  in  this  work. The energy that the proton looses while traveling in the 

silicon lattice is deposited near the ion track in a manner equivalent to that of electrons. The electron hole 

pairs also diffuse similar to the description in the previous section. 

IV. BREMSSTRAHLUNG GENERATION 

The focal plane array is surrounded by a structure. If the camera is designed to operate in a radiation 

environment, there will probably also be some additional shielding around the focal plane array. This will 

be designed to minimize the total accumulated dose and the transient signal generated by the charged 

particle flux. 

I 

When charged particles are impinging on the structure/shielding (e.g. aluminum, wolfram or glass), the 

charged particles will  be decelerated. When a charged particle is decelerated, it emits photons. This 

radiation is called Bremsstrahlung. The intensity of Bremsstrahlung is proportional to the square of its 

acceleration, which again is inverse proportional to the relative mass of the particle. The rest mass of an 

electron is approximately 1836 times less than a proton. Therefore, electrons are decelerated much more 

than protons (because of the small mass)  and  they are therefore the primary source of Bremsstrahlung. 



Bremsstrahlung generation has  been studied intensely [15]-[17]. Bremsstrahlung spectra’s for electron 

energies from lKeV to 10 GeV are tabulated for all matter in [ 171. As  an example, in figure 6 and figure 7 

are shown the Bremsstrahlung spectrum for a 10 KeV  and a 1 MeV electron in aluminum. 
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Figure 6. The Bremsstrahlung spectrum for a 1 MeV electron in Aluminum as a function of the 

Bremsstrahlung wavelength. 
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Figure 7.  The Bremsstrahlung spectrum for a 10 KeV electron in Aluminum as a function of the 

Bremsstrahlung wavelength. 



The specific Bremsstrahlung spectrum for the Europa Orbiter mission can be calculated. This is achieved, 

when combining the Bremsstrahlung spectra’s for electron energies in the same proportions as they appear 

in the electron flux as shown in figure 2. The result is the relative Bremsstrahlung spectrum for the Europa 

Orbiter mission shown in figure 8. 
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Figure 8. The relative Bremsstrahlung spectrum based  on the flux from figure 2. 

The Bremsstrahlung spectrum shown  in figure 8 corresponds to the flux shown in figure 2, which is the 

flux behind 5g/cm2. Bremsstrahlung is generated everywhere in the shielding. This means that the 

outermost layer of the shielding is generating a Bremsstrahlung spectrum that is equivalent to  the 

unshielded flux. Some of this Bremsstrahlung will penetrate though the rest of the shielding and impinge on 

the focal plane (it is more difficult to shield against X-rays than electrons and protons [ls]). Therefore to 

generate a precise Bremsstrahlung spectrum, the fluxes must  be  known at a number of locations in the 

shielding (e.g. at 0.5 g/cm2, 1.0 g/cm2, 1.5 g/cm2 etc.). The Bremsstrahlung spectrum generated behind 

5g/cm2 is used in this work. 

Bremsstrahlung photons will impinge on the focal plane array and some of them will interact with the focal 

plane array and generate charge (photoelectrons). Photons interacts with Silicon primary though 3 

processes [ 191, [20]: 



Photoelectric effect (Low photon energy < 50 KeV) 

0 Compton scattering (Medium photon energy) 

Pair production (High photon energies > 10 MeV) 

Only a small fraction of the Bremsstrahlung photons has energies of more than 10 MeV. Pair production is 

therefore not included in this work. 

Photoelectric effect: In the photoelectric effect, an atom in the silicon lattice absorbs a photon and one of 

the silicon’s orbital electrons is released. The direction of the released photoelectron is arbitrary. The 

energy of the photoelectron is equal to the energy of the incoming photon  minus the binding energy of the 

orbiting electron. The binding energies for the orbital electrons in a silicon atom are [21]: 

1 8 4 4 . 1   e V  

1 8 4 4 . 1   e V  

1 5 4 . 0 4   e V  

1 5 4 . 0 4   e V  
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1 0 3 . 7 1   e V  

1 0 3 . 7 1   e V  
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1 3 . 4 6   e V  

1 3 . 4 6   e V  

8 . 1 5 1 7   e V  
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The linear attenuation coefficient for the photoelectric effect is difficult to calculate theoretically. But it has 

been determined experimentally. Figure 9 shows a graphical representation of the linear attenuation 

coefficient for photons in Si [ 181. 
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Figure 9. Linear attenuation coefficient for photoelectric effect in Silicon. 



It should be  emphasized that  there  is a fundamental difference between  how charged particle and photons 

travel  in Silicon. Charged particles interact though Coulomb forces with a  huge number of other particles. 

Over  any distance traveled, the charged particle will  have  interacted  with  millions  of other particles, which 

continuously deflect and reduce its energy. A photon  traveling  in silicon does not interact with the other 

atoms/electrons unless a collision occurs. Therefore, it  will traverse in a straight line and  not loose any 

energy. In case of a photoelectric collision, the  photon  will stop to exist and  all energy/momentum is 

transferred to the atom that it collided  with. 

Compton effect: The Compton effect is the  phenomenon,  where a photon scatters of a nearly free electron 

and transfers some of its energy  to  the electron. Equations for  the linear attenuation coefficient for 

Compton scattering in Si are shown  in [18]. Values for the linear attenuation coefficient are depicted in 

figure 10. 
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Figure 10. Linear attenuation coefficient for  Compton scattering in Si. 

A discussion  about the distributions of  the  angles  of the photon trajectory and  the electron trajectory after 

the Compton collision and the energy  transfer  can  be  found  in [ 181 and [ 191. 



V. LUMINESCENCE 

When energy is absorbed by any  kind of matter,  photon emissions may  be the result. If the absorbed energy 

does not increase the thermal energy stored in  the material, but changes its excited state, the emission of 

photons, called luminescence, results when the excited electrons give up their energy [22]. 

Luminescence will  be emitted from the optics of a camera in a charged particle flux. Fortunately, the 

luminescence generated in the optics will  not  be focused at a specific point of the focal plane, but it will  be 

a homogeneous glow over the focal plane. 

Luminescence can be divided in  two different categories, fluorescence and phosphorescence, depending on 

the time delay for the photon emission. If the photons are emitted less than 10 ns after the excitation the 

luminescence is called fluorescence; otherwise it is called phosphorescence. The emissions can be delayed 

for hours because the transition of excited electrons to their ground stage goes though intermediate states. 

It is difficult to  make  an analytical model for the fraction of the deposited energy that is transformed into 

heat, displacement damage, luminescence etc. It depends on the material, fabrication processes etc. 

Viehmann et al. [23] have published the results shown in table 1, showing emitted photons per 100 nm 

bandwidth and per MeV of deposited energy, valid  in the spectral band  of 320-570 nm. The photons are 

emitted randomly in all directions. 

Table 1 

Glass type Luminescence 

Photons/( 100nmMeV) in 47c sr. 

I A1203, Sample 1 533 I 
A1203, Sample 2 386 

A1203, Sample 3 115 

I A1203, Sample 4 890 I 



A1203, Sample 5 

Spectrosil 

125 

35 7056 glass 

75 9741 glass 

67 8337 glass 

40 Suprasil 

35 7940 glass 

40 

To make a reliable assessment of the Luminence, experiments must  be performed with samples of the glass 

to  be  used  in the optics of the camera system. 

VI. CERENKOV RADIATION 

Cerenkov radiation is the optical equivalent to a supersonic boom [24], [25]. It occurs when charged 

particles travels faster than light in a medium (e.g. glass or water). No particle can travel faster than the 

speed of light in vacuum. In glass with a refractive index n, a particle may travel faster than light, if v > c/n. 

If  we assume that the refractive index n = 1.4, then  this is true for electrons with energies larger than 220 

KeV  and protons with energies larger than 400 MeV. 

Cerenkov radiation is only emitted during deceleration, and is emitted along the surface of a forward- 

directed cone aligned with  the particle velocity  vector. The wavelength  of the light is mainly in the 

UV/blue end of  the spectrum. It can be shown that the half angle of the cone is cos$ = p’/p. Where p is the 

velocity of the particle and p’ is the velocity of light in the glass. The radiation comes from transient 

polarization of the medium near the charge track, and  not from the particle itself. 

The equation for emitted Cerenkov radiation is shown in [25]. As  an example, in figure 11 and figure 12, 

are shown the Cerenkov radiation emission from a 300 KeV  and a 10 MeV electron in a medium with a 

refractive index, n = 1.5. 
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Figure 1 1 .  Cerenkov emission from a 300 KeV electron in a medium with n=1.5. 

Cerenkov  radiation  for 10 MeV electron in k l . 5  medium 
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Figure 12. Cerenkov emission from a 10 MeV electron in a medium with n=1.5. 

The part of the Cerenkov radiation that is actually detected by the focal plane depends on the quantum 

efficiency of the focal plane’  and how the optics and focal plane is mounted relative to each other. The 

Cerenkov photons will not be focused on the focal plane, but will be impinging homogeneous over the 

focal plane. 

An example of the absolute quantum efficiency for a modem  silicon  focal plane  array is  shown  in [26]. 



VII. FOCAL PLANE ARRAY MODEL 

A simplified model of a focal plane  has been constructed. The model has similarities to a front side 

illuminated surface channel  P type CCD focal plane array. A typical CCD is manufactured from  a silicon 

wafer,  that is 500 microns thick [27], [28]. On top of the  wafer  an epitaxial layer  is deposited with a 

thickness of typically 5 to 50 microns.  On  top of this  is deposited a thin insulating layer (SiOz) that is 

typically a few tenths of microns thick. Finally  on top of the insulating layer, are thin electrodes, typically 

made  of aluminum or polycrystalline silicon. Each  pixel  is a MOS capacitor. The gate of the MOS 

capacitor is positively biased. This result in  all  holes are pushed  away  from the electrode and all electrons 

are attracted to the electrode. The volume,  under  the electrode, where  there are no carriers is called the 

depletion zone and  is  typically 3 - 6 microns  deep  depending  on the bias  voltage. The part of the epitaxial 

layer, that is not depleted, is  refereed  to  as  the  diffusion  (or  field free) zone. The simplified  model  has  no 

electrodes, since the charge generated  in  them does not contribute to  the collected signal. The insulating 

layer is so thin, that it has  been  neglected. It is also assumed  that the pixels are adjacent to each other [lo]. 

Figure  13  shows a sketch of the  simplified  model. 

Depletion layer 

\ 
Pixel 

Diffusion layer  Wafer 
Figure 13. Sketch of the focal plane model  used  in the simulations. e-  are electrons and h+ are holes. 

The  following  assumptions have  been  made about the dimensions and characteristics of the focal plane 

array, based  on average values  for CCD focal plane arrays and  other references [29]-[37]. 



Thickness of depletion region: 4 microns 

Thickness of diffusion region: 11 microns 

Thickness of substrate >lo0 microns 

0 Diffusion length in field free region: 50 microns 

Diffusion length in substrate: 10 microns 

0 Pixel size: 20 microns x 20 microns 

It is assumed that all minority carriers that reach the depletion zone before they recombine will  be 

collected. It is also assumed, that all minority carries, that diffuse in  the diffusion zone, and approach the 

substrate will be swept back into the diffusion zone due to the field between the substrate and the diffusion 

zone. Also, carriers generated in the substrate can freely diffuse into the diffusion zone [lo]. 

VIII. SIMULATIONS 

Three types of simulations have been performed in this work. The simulations are electrons, protons and 

Bremsstrahlung photons impinging on the focal plane array. 

Simulation of electrons impinging on the focal plane array: This simulation was performed by selecting 

random electrons according to the energy distribution shown  in figure 2. The electrons impinge on the focal 

plane model from a random direction. The electrons perform a random walk as previously described, 

leaving an iontrack. The deposited charge diffuse around the iontrack. The diffusion length depends on its 

location in the focal plane array. Finally, an image is formed, based on the number of photoelectrons 

collected in the depletion region. Figure 14 illustrates some representative images of electron hits. 



Figure 14. Sample images of electron hits. The units are in pixels. 

The electron simulation shows that on average 3600 photoelectrons are collected for each impinging 

electron. The cumulative probability distribution is shown in figure 15. It is observed that on some 

occasions (99% percentile), an impinging electron may deposit more  than 17000 photoelectrons as a 

collected signal. 
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Figure 15. The cumulative probability function of number of collected photoelectrons for an impinging 

electron. 

Simulation of protons impinging on the focal plane array: This simulation was performed, by selecting 

protons with a random energy according to the energy distribution shown in figure 1. The rest of the 



procedure was similar to that of impinging electrons. Figure 16 shows a number of representative images 

generated by impinging protons. 

Figure 16. Sample images of proton hits. The units are in pixels. 

The results of the simulation are that on average will 15000 photoelectrons be collected for each impinging 

proton. The cumulative probability distribution is shown in figure 17. It is observed, that on some occasions 

(99% percentile), an impinging proton may deposit more  than 125000 photoelectrons collected as a signal. 
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Figure 17. The cumulative probability function of number of collected photoelectrons for an impinging 

proton. 

Simulation of Bremsstrahlung photons imtinging on the focal plane array: This simulation was performed 

by selecting Bremsstrahlung photons with a random energy according to the spectrum shown in figure 8. 



The photons impinge on the focal plane model from a random direction. They might interact with the 

silicon lattice, based on the linear attenuation coefficient for photoelectric effect shown in figure 9 and 

Compton scattering shown in figure 10 and generate electrons in the silicon. Each electron generated in the 

silicon is simulated similar to the method described under electrons. Figure 18 shows a number of 

representative images generated by Bremsstrahlung photons. 
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Figure 18. Sample images of Bremsstrahlung photon hits. The units are in  pixels. 

The Bremsstrahlung simulation shows that  on average 6000 photoelectrons would be collected as a signal. 

The cumulative probability distribution is shown  in figure 19. It is observed that on some occasions (99% 

percentile), an impinging Bremsstrahlung photon  may deposit more than 51000 photoelectrons collected as 

a signal. 
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Figure 19. The  cumulative probability function of number of collected photoelectrons for an impinging 

Bremsstrahlung  photon. 

It is observed, that  many  of  the radiation hits looks similar to a small star. The absolute sensitivity of a 

camera  system, that is imaging stars can  be  measured  as  photoelectrons  collected from a magnitude 0 star 

with 1 second  exposure  time and 1 mm2 collecting aperture. It is  then possible to scale to various camera 

system configurations. The number 13600 e-/(s.mm2) is published  in [38] for  an APS based focal plane, and 

the  number 11500 e-/(s.mm2) can  be  derived from [39] for a CCD based focal plane. It is assumed that the 

camera  system has  an aperture on 3 cm and  integrates  for  250mS. The  correspondence between star 

magnitude and  number of photoelectrons are shown  in  table  2. Table  2 also shows the number of stars 

brighter than the star magnitude. 

Table  2 
Magnitude (Mv) I Photoelectrons I Number of star  on  sky 
0 I 2.2.106 1 5  

2 
3 I 1.4.105 I 183 
4 

151 1 2.2. io4 5 
5.6.104 

~~ ~~~ 

582 

6 4084 9.0.103 

The full  well of a pixel is typically  in  the  order of 100000 photoelectrons. 



IX. SUMMARY 

This paper has investigated the physics of the interaction between charged particles and a focal plane array, 

shielding and the optics of a camera system. A simple model of a focal plane array has been constructed 

using typical values for pixel dimensions, diffusion lengths, depletioddiffusion layer thickness etc. 

Simulation using these values shows that impinging electrons with a flux similar to the Europa Orbiter 

environment behind 5 g/cm2 shielding will on the average generate 3600 photoelectrons. Impinging protons 

from the same environment will  on the average generate 15000 photoelectrons and Bremsstrahlung photons 

will on the average generate 6000 photoelectrons. Sample images of radiation induced spots are shown in 

this paper. Cerenkov radiation and Luminescence will also generate a signal in the camera optics. The 

signal will be spread homogeneous over the focal plane. Bright radiation hits have similar shape and 

brightness as dim stars. 
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